The lysosomal enzyme alpha-L-iduronidase hydrolyzes terminal iduronic acid from heparan sulfate and dermatan sulfate, and is an essential step in GAG degradation. Mutations of its gene, IDUA, yield a spectrum of mucopolysaccharidosis (MPS) type I clinical disorders. The IDUA mutation, c.712T>A (p.L238Q) was previously noted as a mild mutation. In a longitudinal study of MPS brain structure and function (Lysosomal Disease Network), we found this mutation in 6 of 14 Hurler-Scheie syndrome patients in the age range of 15 to 25 years. We hypothesized that L238Q, when paired with a nonsense mutation, is significantly more severe than other missensenonsense combinations.
Introduction
We describe a missense mutation, L238Q, which in mucopolysaccharidosis type I when combined with a nonsense mutation, deletion, or splice site, produces a relatively severe form of Hurler-Scheie syndrome. We document its severity by comparing six patients to with a group with other missense mutations.
Mucopolysaccharidosis type I (MPS I) is an autosomal recessive lysosomal disease due to the deficiency of alpha-L-iduronidase enzyme (IDUA). IDUA hydrolyzes terminal iduronic acid from heparan sulfate and dermatan sulfate, and is an essential step in glycosaminoglycan degradation. Mutations of its gene, IDUA, yield a spectrum of mucopolysaccharidosis (MPS) type I clinical disorders historically distinguished as one of three phenotypes: severe Hurler syndrome, attenuated Scheie syndrome, or the intermediate disorder Hurler-Scheie syndrome. Over 100 mutations have been identified on the IDUA gene located on chromosome 4p16.3.
No biochemical or clinical criteria have been established that reliably distinguish among the three clinical syndromes, or that accurately predict clinical outcomes. Because no agreed upon biochemical or clinical criteria distinguishes the Scheie from the Hurler-Scheie syndrome phenotypes, they frequently are viewed as a spectrum of severity and described as the attenuated form of MPS I [1, 2] . Although homozygosity for null mutations (producing no IDUA protein) such as from nonsense mutations W402X and/or Q70X can be used to define MPS IH, there are innumerable potential genotypes associated with more attenuated phenotypes thus limiting the ability to prognosticate among these.
Several attempts in the past have been made to identify mutations that have specificity with regard to severity or phenotypic characterization. In addition to W402X and Q70X, several mutations such as P533R have been noted to present variably as severe and mild. The IDUA mutation, c.712T>A (p.L238Q) has been previously noted as a mild mutation by Yogalingam et al [3] , both severe and moderate by Chandar & Mahalingam [4] and intermediate by Saito et al [5] . In our longitudinal study of MPS brain structure and function, we unexpectedly found that it occurred in 6 of 57 patients recruited longitudinal study of brain structure and function in MPS disorders at the University of Minnesota with associated central nervous system (CNS) difficulties [6] . Our goal was to delineate the severity of this specific mutation and to characterize its phenotype especially with regard to organ system and particularly CNS involvement. Based on these observations, we hypothesized that L238Q, when paired with a severe mutation such as a nonsense mutation, produces a severe form of Hurler-Scheie syndrome with progressive CNS disease.
Methods

Subjects
Subjects were identified among 14 MPS I participants with Hurler-Scheie syndrome in the age range of 15 to 25 years who had DNA analysis in the study "Longitudinal Studies of Brain Structure and Functions in MPS Disorders" an NIH supported study which is a part of the Lysosomal Disease Network (LDN) U54-NS065768. Of these patients 6 had the L238Q mutation from four families (two sets of siblings were included) paired with a nonsense mutation, deletion or splice site. One patient (#7), had the L238Q mutation paired with a missense mutation (E182K); this milder patient was analyzed separately. A comparison group was comprised of the 6 patients between ages 15 to 25 years who did not have the L238Q mutation. Specifics of their mutations can be found in Table 2 .
With the exception of one patient, measurements from the first visit of our longitudinal study were used. For one L238Q patient, we are using data from the third visit; at the first visit, this patient was too distraught to complete the testing; for the second visit there was also some missing data. At the third visit, after she was treated with antidepressant medication we were able to complete a full battery of tests.
Procedures
Molecular diagnosis was performed by Sanger sequencing of all exomes of the IDUA gene at the Gene Therapy and Diagnostics Lab, University of Minnesota. DNA was isolated from leukocyte pellets, PCR-amplified, and then sequenced with BigDye® Terminator (Life Technologies). The reactions were sequenated on an ABI 3130 Avant sequencer (Life Technologies) with subsequent analysis on Sequencer software (Gene Codes Corporation).
Medical and treatment histories were obtained from the patient or parents on case report forms developed for the study. Clinical files of patients were also reviewed to check accuracy and obtain additional information. A scoring system was devised to quantify abnormalities across six features, which were scored by a system of frequency and severity. The overall summary score is based on scores from four medical domains (skeletal/ orthopedic, vision, hearing, and cardio-respiratory), the number of surgical procedures and presence of hydrocephalus ( Table 1 shows the MPS Physical Symptom Scale). We have found this severity score to be reliable and to correlate with daily living skills and quality-oflife (unpublished data).
To measure neurobehavioral functions we use WASI (Wechsler Abbreviated Scale of Intelligence) [7] , for Full Scale IQ, TOVA-errors of omission (Test of Variables of Attention) [8] , to assess attention, BVMT (Brief Visual Spatial Memory Test) [9] , to assess nonverbal memory and learning, either CMS (Children's Memory Scale) [10] , or WMS (Wechsler Memory Scale) [11] , to measure memory for stories, and the JLO (Judgment of Line Orientation) [12] to assess spatial perception. VABS-II (Vineland Adaptive Behavior Scales, Second Edition) [13] Composite score was used to evaluate the full spectrum of adaptive behavior. To assess current psychological status BASC-PRS and BASC-SRP (Behavior Assessment System for Children-Parent Rating Scale and Self-Report of Personality) [14] were used. However, we had only four of six parents of patients in the comparison group complete the BASC-PRS. Five of six in each group completed the BASC-SRP (older patients completed an adult inventory which we did not include in our statistical analysis). For the BASC-PRS we included the withdrawal scale, depression and atypical behavior scales. Based on our previous clinical observations these scales were most sensitive in adolescents with MPS disorders. Only the depression scale was included for the BASC-SRP.
Statistical Analysis
Descriptive statistics included the mean, standard deviation, and range, which were tabulated separately for the L238Q and comparison groups. Comparisons between groups used the t-test with unequal variances and Welch degrees of freedom for confidence intervals and P-values. All analyses were conducted using R v2.15.2 [15] .
Results
Mutation, demographic and medical data are presented in Table 2 . Table 3 summarizes the neurobehavioral data. There were three females in the L238Q group and 1 female in the comparison group. No difference was found in age at evaluation, but the comparison group was more variable. No difference was found in age or years of ERT treatment for the two groups. Furthermore, the MPS Physical Symptom Score was almost identical. Although more surgeries occurred in the comparison group, that was primarily in the oldest two patients, thus reflecting cumulative surgeries with age.
IQ was significantly different in the two groups. All six L238Q subjects tested below the average range, while only one comparison subject did. Attention, as measured on the TOVA errors of omission, a measure of vigilance, was significantly different. Memory measures were also significantly different for both BVMT (Brief Visual spatial Memory Test) and for memory in context or memory for stories (CMS/WMS). JLO (Judgment of Line Orientation) for visual spatial perception showed a mean difference with a trend to significance. Notably, the comparison group was quite variable. The VABS-II or Vineland, measuring adaptive skills, did show some differences reflected by a trend, but the differences were not as dramatic as on the cognitive measures.
100% of the L238Q group had some type of psychiatric and sleep problems and none of the comparison subjects did. In a parent report of psychological problems on the BASC-PRS significantly more difficulties with withdrawal, depression, and 'atypical' behavior were found in the L238Q group. In the BASC-SRP, we found depression was endorsed by the L238Q patients somewhat more than the comparison group. Four of the six L238Q patients we have historical data of 5 years or more ago indicating that at initial evaluation these children were within the average range and now are not.
Three occurrences of shunted hydrocephalus were found in the L238Q group compared with one non-shunted hydrocephalus in the comparison group; 4 occurrences of cord compression in the L238Q group compared with 2 in the comparison group. 100% of L238Q patients had a history of psychiatric as well as sleep problems and 0% in the comparison group for both problems. By history, all psychiatric problems first emerged in adolescence. 
Case report of L238Q with missense mutation
One additional patient had the L238Q mutation paired with a missense mutation, E182K; her data was examined separately. In contrast to the patients with a second severe mutation her cognitive skills were within normal range, IQ: 104, TOVA -omissions: 107, BVMT: 82, WMS: 100, JLO: 108, VABS-II: 78. Her age at visit was 22.5 years, age at first treatment was12.0 years, and years of treatment was10.5 years. Her MPS Physical Symptom Score was 11, number of surgeries was 8, and she did have spinal cord compression with decompression surgery. She has no psychiatric or sleep problems. Her scores were similar to the comparison group.
Discussion
The missense mutation L238Q, in the biological context of a nonsense mutation, is associated with significant, late-onset brain disease: psychiatric disorder, significant cognitive abnormality, and general decline starting at a later age than is seen in Hurler syndrome. We speculate that there is a mutation-related rate of GAG accumulation and its pathologic sequelae. The rate of accumulation, and the stage in brain development are critical determinants of the neurologic phenotype. In this case, a psychiatric phenotype may be dictated by specific timing of this neuropathic damage, resulting in a distinctive phenotype.
The continuous spectrum of severe to mild clinical phenotypes in MPS I is most likely caused by combinations of different mutant alleles at the IDUA locus [16, 17] . Mutations can completely prevent any functional enzyme from forming or can allow for some functional enzyme to be produced, resulting in residual enzyme activity [18, 19] . Nonsense mutations result in the complete absence of enzyme protein. Previously identified nonsense mutations include W402X and Q70X, the two most commonly reported mutations in IDUA [20, 18] . Patients that are homozygous for a nonsense mutation or heterozygous for two different nonsense mutations are diagnosed with Hurler syndrome, due to a lack of any enzymatic activity. Patients who are heterozygous for one nonsense allele and a different mutation may have various phenotypes depending on the nature of the second allele [18] . Missense mutations have been found to be associated with mild and intermediate phenotypes in many patients. It is likely that missense mutations allow for some residual enzyme activity, thus patients with one allele with a missense mutation will likely retain some functional enzyme activity [21] . Yet the genotype-phenotype associations for missense mutations are not clearcut and missense mutations have been reported in individuals with a wide variability of phenotypes, both severe and mild [18] .
Splice site mutations similar to nonsense mutations, are often associated with the severe form of MPS I. These mutations greatly affect splicing which leads to unstable mRNA [19, 22, 23, 24, 25] . Deletions and insertions that have been detected in patients with MPS I typically result in Hurler syndrome [18] .
Recent structural analysis of the a-L-iduronidase enzyme molecule [26] does not implicate L238 in the key binding sites, and proposes that the buried hydrophobic core may be destabilized by the substitution of L238 with a hydrophilic Q moiety. Thus, L238Q likely alters protein structure in a manner that destabilizes the protein for premature degradation or very inefficient catalysis resulting in minimal residual enzyme activity. L238Q might be a good candidate for the proposed chaperone therapy.
The L238Q mutation appears to be specific for neurobehavioral differences in the patients with Hurler-Scheie syndrome in this study. L238Q/Nonsense patients are more severe than most other patients with Hurler-Scheie syndrome. There are no significant differences in phenotypic presentation in frequency and severity of organ system involvement between L238Q group and the Hurler-Scheie syndrome comparison group. Because these patients have so many physical problems and severity is difficult to define precisely, we were could not reliably quantify the relative severity of each symptom and each surgery. However, the summative score of numbers of major problems and surgeries, did not differ between the two groups.
The dramatic difference in IQ and attention span in L238Q patients indicates a relatively severe neurologic phenotype among this group of patient with Hurler-Scheie syndrome. On four of the six L238Q patients we have early data of 5 years or more ago indicating that at initial evaluation these children were within the average range and now are not. This could be attributed to hydrocephalus; but some evidence exists that the beginning of decline dates to before that diagnosis and the placement of ventriculo-peritoneal shunts. MRI analysis is currently underway for these patients and will be reported at a later time.
These patients developed psychiatric symptoms in adolescence after a period of cognitive loss. By history, all of the L238Q patients had at least one episode of depression, psychosis, or autism and prescription of psychotropic medications. Two were receiving psychotropic medications at the time of testing. The parent report measure also indicated withdrawal and depression among patients in this group. All patients had sleep problems; none of the comparison group did.
Because the psychiatric problems were various, no particular treatments were reported to be notably effective. Two of our patients had serious chronic problems; the others had significant depression and anxiety that remitted with combinations of psychological counseling and medication. Many patients with attenuated MPS I have stressful periods in adolescence due to social isolation and low self esteem. This was true for the control group as well as the subject group, but only in the subject group were psychiatric diagnoses made and psychotropic medications consistently needed.
It is possible that the increased incidence of spinal cord compression and hydrocephalus may have had an impact on the psychiatric status of these patients. However, we see spinal cord compression and hydrocephalus in many of our MPS VI and attenuated MPS II patients without similar neuropsychiatric consequence. We conclude that it is a phenomenon of more impact on the CNS compared to other mutations.
Limitations of this study may be due to family history factors and the confounding effects of sleep disturbance. Although we do not have detailed information about whether family history of psychiatric problems might be contributing to psychiatric problems, a family tendency to psychiatric problems could be magnified by having two siblings from each of two families. In addition, sleep disturbances might be confounding the psychiatric problems. In itself, the difference in incidence of sleep problems was remarkable.
An intrinsic weakness of this study is that some of the subjects in the comparison group did not have equivalent mutations; for example, two patients in the comparison group had two missense mutations. However, inspection of their data does not indicate that these two subjects had different findings than those who had other mutation types. The significant p values and the specificity of the findings help to validate the findings. Finding comparable mutations is challenging in such a rare disease.
We have identified a missense mutation L238Q, when paired with a nonsense or other severe mutation, is associated with severe cognitive abnormality and possibly decline starting at a later age than is seen in Hurler syndrome, and with psychiatric problems emerging in adolescence. Understanding this particular genotype-phenotype may provide insight into the genesis of psychiatric illnesses more broadly. This information may be useful in predicting long-term outcomes early on for individual patients. We need to strongly consider methods of early, brain targeted treatment in MPS I patients with a L238Q and a nonsense mutation and with vigor even though they may not yet show cognitive decline at this early time. It is notable that all of the children with the L238Q group and one in the comparison group were eligible for and were referred for trial of intrathecal enzyme replacement therapy prior to this new insight into the L238Q mutations. In addition to intrathecal enzyme, other brain treatments such as hematopoietic cell transplant (HCT) and addition of chaperone therapy might be considered.
Highlights
• L238Q/Nonsense patients are more severe than other Hurler-Scheie patients.
• Impaired IQ and attention were found patients with L238Q/Nonsense mutations.
• Cognitive and psychological symptoms seem to worsen in L238Q patients with age. Standard Scores (100 ± 15) on Neuropsychological Tests for the L238Q and Comparison group. Individual scores for each patient are presented with mean and 95% confidence intervals for each group. BASC Parent and Self Report for the L238Q and Comparison group. Individual scores for each patient are presented with mean and 95% confidence intervals for each group (T scores (50 ± 10); higher scores are more abnormal). Table 2 Description of L238Q and Comparison Groups 
